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• Combination of protective efficiency
and removability in anticorrosion coat-
ings suitable for conservation of bronze.

• Homogeneous distribution of POSS
nanoparticles in fluoroethylene/
vinylether-based coatings.

• Cuprous oxide may form at the bronze|
coating interface at high anodic poten-
tials.

• POSS nanoparticles addition enhanced
hydrophobicity and protective effi-
ciency while decreasing mechanical
properties.
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Two types of innovative coatings based on fluoroethylene/vinylether alternating copolymers are investigated as
protective systems for bronze works-of-art. The influence of a polyhedral oligomeric silsesquioxane (POSS), i.e.
open-cube trisilanol-heptaisooctyl-POSS, on the surface, mechanical, optical and electrochemical properties of
coatings is examined. It is found that the isooctyl groups in the organic shell of POSS cause an increase in the hy-
drophobicity of the surface. On the other hand, nanoindentation tests show that the reduced modulus, hardness
and plasticity index decrease with the addition of POSS, while abrasion resistance is slightly improved. Haze of
coatings increases when POSS nanoparticles are present. More importantly, a beneficial effect of POSS addition
on the protective efficiency against corrosion is assessed by exposure of coatings to acidic vapours and electro-
chemical treatments. In this regard, potentiodynamic polarisation clearly shows that the protective efficiency is
systematically larger for coatings comprising POSS. The ex situ IR reflection-absorption spectroelectrochemistry
shows that cuprous oxide can eventually form at the coating|bronze interface, which is identified through the
spectroelectrochemistry of unprotected bronze.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In the field of cultural heritage conservation, different attempts have
been made to protect bronze surfaces, but they have not succeeded to
completely overcome wax and Incralac™ [1] that are still considered
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. A) Structure of FEVE fluoropolymer and B) characteristics of the main compounds
used in the preparation of FEVE fluoropolymer-based coatings.
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very attractive options. Most probably, the main reason originates
from the conservation ethics demands that the applied protective
coatings should be removable from the bronze surfaces. Anyhow,
such removability prerequisite is inherently in contradiction with
the need for high protective efficiency, since highly protective coat-
ings are dense and are characterized by excellent adhesion to the un-
derlying substrate. Consequently, different approaches should be
used to design the structure of the coatings in order to meet the re-
quired removability aspect. In the light of these observations, it is
not surprising that the studies of the organic benzotriazole films
and its derivatives highly dominated this research field [2], as evi-
dent from the literature search disclosed in Fig. S1 in Supporting in-
formation. Surprisingly, an important number of works on bronze
protection deals with the sol-gel protective coatings [3]. Specifically,
these coatings are not removable, but attract attention due to their
ease of application, good adhesion and excellent protective proper-
ties. Consequently, it is supposed that they may find an appropriate
application in the outdoor bronze protection.

Studies of other types of materials are much rarer (Fig. S1), but the
recent attempts tend to the preparation of removable protective sys-
tems. Water-soluble chitosan coatings [4] have been suggested to be a
promising candidate for the indoor protection of bronze artworks, as
well as coatings prepared on the basis of diamond-like carbon (DLC)
[5], and polyvinyl alcohol (PVA)-based coatings containing layered dou-
ble hydroxide nanocarriers [6]. For the outdoor protection, the bet has
been laid on various polymeric materials. Consequently, investigations
of polyurethanes [7,8], methyl methacrylates [9], and fluoropolymers
[10–12] could be found in the literature. Most of these studieswere per-
formed on patina-free bronze surfaces, although patina can form on the
bronze surfaces under exposure to air [1], or can even be intentionally
induced for protective and coloristic reasons by the artists themselves
[13].

In the case of works of art exposed in outdoor environments,
fluoropolymers stand out as a potential solution thanks to their
weathering resistance. Firstly, coatings based on polyvinylidene
difluoride (PVDF) building blocks (-CH2-CF2-) were examined on
patina-free bronze surfaces [10], but the adhesionwas not sufficient. Al-
though PVDF fluoropolymers exhibit an outstanding durability, high
temperature treatments are often required for their processing. In addi-
tion, the coating adhesion to substrates is generally rather poor and
they are quite soft, which reflects their thermoplastic nature. In the
last decades, these shortcomings have been successfully overcome
thanks to the development of fluoroethylene vinylether (FEVE)
fluoropolymers [14,15]. FEVE fluoropolymers have -CF2-CFX- building
blocks and functional groups attached to the polymer backbone
(Fig. 1A). Consequently, they can be processed at lower temperatures
with respect to PVDF-based fluoropolymers, the resulting coatings are
harder and, most importantly, the adhesion to underlying substrates
is considerably improved. At the same time, the outstanding durability
against weathering remains a peculiar characteristic also for FEVE
fluoropolymers.

In this regards, our group has already initiated the investigations
of the protective efficiency of solvent- and water-borne FEVE
fluoropolymer coatings [12], focusing on the comparison of the me-
chanical, surface and electrochemical properties of compact/highly
adhesive coating with an example of the removable one (either
solvent- or water-borne). Particular care was also given to the iden-
tification of the preparation routes that can ensure the removability
of the developed coatings. As possible approaches were identified
the use of polyisocyanate with hydrophilic properties, addition of
agents that impart strippability, addition of releasing co-solvents,
or the use of molar ratio of isocyanate groups of hardener and hy-
droxide groups of the fluoropolymer resin below unit [12]. An advan-
tage of a simultaneous addition of three additives was chosen as the
first preparation route to the solvent-borne coating, removable by
benzyl alcohol-based strippers.
An essential property of protective coatings intended for the outdoor
application is their water-resistance. In this regard, despite the presence
of fluorine groups in fluoropolymers, the hydrophobic character of the
coatings can be further increased by the addition of long alkyl groups.
As a possible strategy, such groups can be attached to the silica core of
polyhedral oligomeric silsesquioxanes (POSS) (Fig. 1B), which are the
smallest silica particles in the nature [16]. They are characterized by a
general formula (R-SiO1.5)n (n = 6, 8, 10, …), R representing various
functionality like hydroxyl, isooctyl etc. The addition of different POSS
nanoparticles to polymeric matrices was found to positively influence
the scratch, chemical and thermal resistance, as well the electrochemi-
cal performance [17]. However, opposing results can also be found in
the literature. For example, Lewicki et al. showed that the addition of
POSS to polyurethane elastomers did not have any favourable effects
[18]. Consequently, we performed an extensive comparison of protec-
tive polyurethane coatings for bronze, with and without POSS
nanoadditive, which revealed opponent results for different investi-
gated properties [8]. Specifically, the protective efficiency, determined
using the electrochemical polarisation, impedance spectroscopy and ex-
posure of coatings to hydrochloric acid vapours confirmed the im-
proved performance of coatings with POSS nanoparticles. Moreover,
the contact angle forwater, abrasion resistance and ability of the coating
in spontaneous recovering after a deformation also increased. In con-
trast, elastic modulus and hardness were not noticeably affected by
POSS addition [8]. Such different responses in properties to the presence
of POSS nanoparticles in polyurethane coatings instigated the necessity
to examine if the effects caused by POSS addition in the FEVE-based
coatings follow any similar pattern.

The main goal of the present work is to prepare new examples of
removable solvent-borne FEVE fluoropolymer coatings according to
the possible approaches previously identified by our group [12] and to
investigate the influence of added trisilanol-heptaisooctyl-POSS nano-
particles on the surface, mechanical, optical and electrochemical
performance of the developed coatings. For this purpose, two types of
FEVE-based coatings are prepared in a butyl acetate solvent using differ-
ent additives, as well as two different polyisocyanate hardeners.
Energy-dispersive X-ray spectroscopy (EDS) is used to investigate the
uniformity of the distribution of trisilanol-heptaisooctyl-POSS nanopar-
ticles in the coatings. The hydrophobicity of the surfaces is determined
through static contact angle measurement, while atomic force
microscopy (AFM) is applied to calculate the surface roughness. Since
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optical fading of protective coatings is unacceptable for art applications,
UV-VIS-NIR spectra of coatings deposited on glass are recorded during
their exposure to artificial sunlight. Nanoindentation and nanoscratch
experiments are expected to reveal the differences in the mechanical
properties of the coatings prepared with and without POSS. The protec-
tive efficiency of the coatings is tested by electrochemical techniques
(potentiodynamic polarisation and impedance spectroscopy (EIS))
and by their exposure to 1 M HCl vapours (accelerated corrosion test).
The eventual differences in the accelerated test at the bronze|coating in-
terface are monitored using optical and SEM microscopy. Finally, the
eventual changes in thefluoropolymer coatings that occur during forced
anodic polarisation are followed with an ex situ infrared reflection-
absorption (IR RA) spectroelectrochemical analysis, combining electro-
chemical treatment and spectroscopic identification.

2. Materials and methods

2.1. Materials preparation

Bronze rods with diameter of 3 cm were obtained from Casa Del
Bronzo Srl foundry (Brescia, Italy). As already reported [8], the actual
concentration of the main alloying elements in bronze 85,555 was
4.48 wt% of Sn, 5.32 wt% of Zn and 5.24 wt% Pb, 0.10 wt% of Fe and
0.02 wt% of Ni. Polishing of bronze discs was performed first with SiC
abrasive paper of P1200 grit, followed by two diamond pastes having
particle size of 9 and 3 μm.

The examined protective coatings were prepared on the basis of
fluoroethylene/vinylether (FEVE) alternating copolymers (Asahi Glass
Company, Japan), as depicted in Fig. 1A. The resin used was Lumiflon
LF-200 that was designed for weather resistant coatings and is adapted
for solvent-borne formulations. Two different commercially available
polyisocyanate hardeners based on hexamethylene diisocyanate (HDI)
were used for the preparation of the coatings hereinafter named as
FP1 and FP2, respectively: Desmodur N75 (approximately 75% in a 1:
1 blend of 1-methoxy-2-propylacetate and xylene) and N3900 (100%
resin) received from Covestro supplier (Covestro AG, Germany)
(Table 1). The N3900 hardener based on aliphatic HDI, while N75 hard-
ener based on aliphatic HDI biuret, which can supposedly promote the
crosslinking and consequently, lead to production of thicker FP1 coat-
ings (Table 1). When on a larger scale, the precursors for the coatings
aremeant to be delivered as a two-component system (Table 1). Specif-
ically, admixing of Component B (hardener) to Component A should be
performed just before the deposition since it induced the crosslinking
reaction.

At the laboratory scale, for both types of coatings (FP1 and FP2), in
the first step, the LF-200 resin was dissolved in butyl acetate (Table 1;
Fig. S2 in Supporting Information), and then the nano-additive
(Fig. 1B), i.e., trisilanol-heptaisooctyl-POSS (Hybrid Plastics), was
Table 1
Compositions of formulations for preparation of FP protective coatings and the coating thickne

Two-component system Component Compound

Component A

Resin Lumiflon 200
Solvent Butyl acetate
Nano-additive POSS
Additives DA

Byk 333
Light stabilizers Tinuvin 1130

Tinuvin 292
Component B Polyisocyanate hardener Desmodur N75

Coating

Thickness
added. As light stabilizers Tinuvin 1130 and 292 were used. Tinuvin
1130 is a hydroxyphenyl benzotriazole-based UV absorber, which can
be used together with the light stabilizer of the sterically hindered
amine class (Tinuvin 292). Additives were included in both coating for-
mulationswith the aim of achieving removability of coatings using ben-
zyl alcohol-based strippers, according with the ethical standards for
protective coatings for works-of-art. All these compounds compose
Component A and they were thoroughly mixed using dispermat dis-
solver (15 min).

As the second step, polyisocyanate hardener (Component B) was
added and the formulations FP1 and FP2 were stirred using dispermat
dissolver for 30min. During this step, the reaction between –OH groups
of the resin or POSS with isocyanate groups of the hardener occurred.
The pot-life was consequently limited to some hours. After mixing, the
coatings were deposited on bronze discs using spin-coating (Fig. S2).
First, deposition was performed for 5 s using 500 rounds per minute
(RPM) (spin-up), followed by 60 s of spin-off stage with 700 RPM. The
deposited coatings were finally thermally treated at 60 °C for 1 h.

In order to get evidence about the influence of trisilanol-
heptaisooctyl-POSS nano-additive on protective coatings, formulations
without POSS were also prepared (Fig. S2). The resulting coatings
were designated as FP1-WP and FP2-WP (WP abbreviation stands for
“without POSS”).

Removability of coatingswas addressed by using a stripper prepared
from benzyl alcohol, tetraethylene glycol and Triton X100. Drops of this
stripper were deposited on coated bronze disc, left there for 30min and
then removed by using soft cotton tissue.
2.2. Characterisation techniques

Static contact angles were determined for water, formamide and
diiodomethane. The measurements were performed on theta tensiom-
eter Biolin Scientific at room temperature. Droplets of liquid (4 μL)were
gently deposited on the surface of the coating using amicrosyringe. Dig-
ital video camerawas used to capture the images that were analysed by
One Attention Software for contact angle determination. The measure-
ments were repeated three times and average values of contact angles
for each liquid were calculated. The free surface energy values were cal-
culated using a set of three Young equations on the basis of contact an-
gles of all three different liquids according to van Oss approach [19].
Necessarily, all three liquids should have known values of total free sur-
face energy (σL

tot), dispersive part (σL
LW), electron acceptor (σL

−) and
electron donor (σL

+) components.
Taylor Hobson Series II profilometer was used to measure the thick-

ness of the coatings. The steps formeasurementsweremade by applica-
tion of a sticky tape on the substrate prior the spin-coating deposition.
Sticky tapewas removed prior themeasurement with the profilometer.
sses.

FP1 FP1-WP Compound FP2 FP2-WP

(wt%) (wt%) (wt%) (wt%)

35.0 35.7 Lumiflon 200 20.0 20.4
48.8 49.8 Butyl acetate 72.2 73.7
2.0 / POSS 2.0 /
5.0 5.1 TEG 2.0 2.0
0.2 0.2
0.8 0.8 Tinuvin 1130 0.5 0.5
0.4 0.4 Tinuvin 292 0.2 0.2
7.8 8.0 Desmodur N3900 3.1 3.2

FP1
(μm)

FP1-WP
(μm)

FP2
(μm)

FP2-WP
(μm)

4.2 4.9 1.4 1.2
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The coatings were deposited on one side of glass slides for detection
of transmittance spectra. The spectra were recorded on a UV-VIS-NIR
Perkin Elmer Lambda 950 spectrophotometer in the spectral range
from 250 to 2500 nm. The transmittance spectra were first measured
for initial coatings. Then, the coatings were exposed in a Suntest cham-
ber (160Wm−2) for 135 and 670 h. The estimation of the optical qual-
ity of the coatingswasmade by determination of a haze value according
to an ASTM test method D1003. The definition of the haze is a ratio of
diffuse to total transmittance in the range between 380 and 700 nm.

Nanoindentation and nanoscratch experiments were performed
with a NanoTest Platform (Micro Materials Ltd) equipped with a stan-
dard three-sided pyramidal Berkovich probe. For nanoindentation
tests, the penetration depth of the indenter tip was monitored while it
was driven to indent the surface of the coating for increasing load values
with a loading rate of 0.1mN s−1. Themaximumachievable penetration
depthwasfixedwithin 10% of the sample thickness in order to avoid the
interference of the underlying metallic substrate [20]. To avoid residual
viscoelastic effects, a holding timeof 60 s at themaximum load achieved
during the loading phase was set before unloading. For statistical pur-
poses, 10 testswere performed for each coatingwith a 50 μmof distance
between adjacent indentations to exclude interaction effects. From each
loading-unloading curve, the hardness, H, and reduced elastic modulus,
ER, of the coatings were calculated according to the following relation-
ships, respectively:

H ¼ LMAX

AC
ð1Þ

ER ¼
ffiffiffi
π

p
2

SMAXffiffiffiffiffiffi
AC

p ð2Þ

where LMAX is the indentation maximum load, AC represents the
projected contact areas between the indenter tip and the testing sub-
strate, and SMAX is the slope of the unloading curve at the point of max-
imum load (i.e. unloading stiffness).

In addition, the relative plastic/elastic character of the investigated
coatings can be analysed by referring to the plasticity index, P, which al-
lows to distinguish between recoverable and unrecoverable deforma-
tions [21]. It was calculated as:

P ¼ WP

WP þWE
ð3Þ

whereWP is the area encompassed between the loading and unloading
curves and corresponds to the plastic work done during indentation,
whereas WE is the area under the unloading curve and represents the
viscoelastic recovery.

Nanoscratch tests were performed to assess the scratch andwear re-
sistance of the developed coatings. In each experiment, the coating was
solicited at a scan velocity of 1 μm s−1 with scratch loads progressively
increasing up to 50 mN over a scratch length of 2 mm. Three indepen-
dent tests were performed for each coating, setting 200 μm of distance
between consecutive scans to avoid interaction effects. At the end of
the experiments, the tested portion of the materials was inspected by
the optical microscopy to investigate the extent of damage produced.

Accelerated corrosion test was assembled for testing of the water-
soluble protective coatings for works of art. In this test, the coatings
are exposed to vapours of 1 M HClaq solution at 50 °C, but were not in
a direct contact with the acid. Detailed procedure on this test has al-
ready been described in Refs. [4–6]. The coated bronze disks were char-
acterized before and after the accelerated corrosion tests. The optical
microscopy analysis was carried out using a Leica MEF4M microscope
equipped with a digital camera (Leica DFC 280). Morphological images
were recorded bymeans of a SEM Cambridge 360 equippedwith an en-
ergy dispersive X-ray spectrometer (EDS) INCA 250.
An Autolab PGSTAT 302 N potentiostat-galvanostat equipped with a
Frequency Response Analysis system (FRA) module was used for the
electrochemical measurements. Potentiodynamic polarisation curves
were made in a flat corrosion cell K0235 (Princeton Applied Research).
The coated bronze discwasmounted as aworking electrodewith a geo-
metrical area of 1 cm2. Polarisation was performed versus an Ag/AgCl/
KClsat reference electrode, while a Pt grid was applied as a counter elec-
trode. The corrosion cell was filled with 0.5 M NaCl electrolyte. Prior to
the linear sweep voltammetry from −1.4 to 0.9 V the sample was hold
1800 s at an open circuit potential. The scan rate used for polarisation
was 1 mV s−1. The above described corrosion cell was also used for
the EIS measurements in the frequency range of 105 to 10−2 Hz. The
perturbation amplitude used was 0.01 V. The samples were exposed
to 0.5 M NaCl electrolyte during the period of 6 days.
2.3. Ex situ IR RA spectroelectrochemistry

An insight into the fluoropolymer coatings can be obtained using vi-
brational Near Grazing Incidence Angle (NGIA) infrared reflection-
absorption (IR RA) spectroscopy (Fig. S3 in Supporting information). Ex
situ IR RA spectroelectrochemical technique combines electrochemical
and spectroscopic technique. The coating on bronze is first
chronocoulometrically treated at a certain potential in the usual electro-
chemical cell. After cleaning and drying, the sample is transferred into a
specular reflectance accessory in the sample compartment of IR spec-
trometer (Fig. S3 in Supporting information) and the IR RA spectrum re-
corded. Exposure of the coating to the increasing anodic potential
gradually enlarged the load towhich the coatingwas exposed, stimulat-
ing the forced degradation. Any piece of information on degradation
paths of the coatings (bond cleavage, hydration, …) can offer iterative
opportunities for the modification of the coatings with the aim of
achieving more stable ones. Ex situ IR RA studies have already been
made on sol-gel protective coatings [22,23], but their application has
just recently been extended to fluoropolymer [12] and polyurethane
[8] coatings.

Ex situ IR RA technique is adapted for thin coatings, being of nano-
meter thickness range. Since the incidence IR radiation falls at the sur-
face of the coating at a near grazing condition (in our case 80°) and is
P-polarised (Fig. S3 B in Supporting information), only the bands, the di-
pole moments of which vibrate perpendicularly to the surface of the
coating, appeared in the IR RA spectra. These bands in IR RA spectra cor-
respond to longitudinal optical (LO) modes. These modes are usually
shifted with regard to the transversal optical (TO) modes that appear
in IR absorbance spectra. The LO-TO splittings are considerable for inor-
ganic coatings, but the shifts are much less notable for organic com-
pounds [24]. More details on ex situ IR RA spectroelectrochemical
technique can be found in Ref. [23].

For ex situ IR RA measurements, the Autolab PGSTAT 302 N
potentiostat-galvanostat was also used. The rear-side and the edges of
the sample, i.e. the coating on the bronze disc, were protected with an
epoxy shield on the basis of Epofix resin and hardener (Struers). Then,
the sample was exposed as a working electrode to 0.5 M NaCl electro-
lyte in a usual electrochemical cell. The counter electrode was a Pt rod
and the reference electrode Ag/AgCl/KClsat. The sample was then
chronocoulometrically treated at different potentials from −1 to 0.8 V
vs. Ag/AgCl/KClsat. After each chronocoulometric treatment the sample
was dismounted from the electrochemical cell, cleaned under a flow
of miliQ water and dried in a flow of nitrogen, and finally transferred
to the near-grazing IR RA specular reflectance accessory (Fig. S3 A in
Supporting information) in the sample compartment of the Bruker IFS
66/S spectrometer. Spectroscopic measurement was made using P-
polarised light and incidence angle of 80°. The schematic representation
of the beampath is depicted in Fig. S3 B. The same coating (either FP1 or
FP2)was used for thewhole ex situ experiment, i.e.measurements at all
potentials.



Table 2
Static contact angles, free surface energy values and surface roughness of FP1 and FP2with
and without POSS (FP1-WP, FP2-WP).

Coating ΘH2O ΘCH2I2 ΘNH2CHO σ+ σ− σLW σAB σtot SR

FP1 99.4 56.7 78.2 0.04 1.3 30.5 0.5 30.9 231
FP1-WP 92.8 50.0 74.3 0.2 3.4 34.3 1.5 35.8 732
FP2 103.8 57.6 93.0 2.4 3.9 29.9 6.0 35.9 194
FP2-WP 89.2 48.1 77.3 0.9 7.6 35.3 5.2 40.6 621

Θ - contact angles forwater, diiodomethane and formamide in °. SR – Surface roughness in
nm.
σ+ − electron donor component; σ− - electron acceptor component; σLW – dispersive
part;
σAB – polar part; σtot – total surface energy value. σ+, σ−, σLW, σAB, σtot in mJ m−2.
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3. Results and discussion

3.1. Characterisation of coatings

3.1.1. Surface properties of coatings
EDS analysis was employed to investigate how POSS nanoparticles

distributewithin the coatings. As evident fromFig. 4A,B, silicon is homo-
geneously distributed in FP1 and FP2 coatings, consequently, trisilanol-
heptaisooctyl-POSS nanoparticles. The good distribution of POSS nano-
particles resulted from thoroughmixing of Component A (resin, solvent,
additives) before the addition of B component, i.e., polyisocyanate hard-
ener (Table 1, Fig. S2). Specifically, the hydroxyl groups of POSS open
cubes can - as the hydroxyl groups of the resin - take part in the reaction
with the polyisocyanate hardener (Fig. 1). In awell-mixed system, POSS
nanoparticles can be successfully and evenly incorporated in the poly-
meric matrix of the coating (Fig. 2A,B). The SEM images of FP1 and
FP2 coatings confirmed the homogeneity of the surface (Fig. 2C,D).

Hydrophobic properties of the coatings usually correlate with their
protective efficiency. In Table 2, the contact angles for water are re-
ported in addition to the contact angles of diiodomethane and formam-
ide. Comparison of the pristine fluoropolymer coatings without POSS
pointed out slightly smaller contact angle for water in case of FP2-WP
coating (89.2°) versus FP1-WP coating (92.8°). Bronze disc had a higher
contact angle for water of 104.6° [8]. Hardeners (Desmodur N75 or
N3900) in both types of coatings consist of aliphatic polyisocyanate
of HDI type, but tetraethylene glycol in FP2-WP coating could influ-
ence an increase in an electron-donor parameter σ− and conse-
quently, the polar σAB component (Table 2). As expected, the
addition of the trisilanol-heptaisooctyl-POSS triggered an increase
in the hydrophobicity of both types of coatings. Namely, the contact
angle for water of FP2 coating increased to 103.8°, while it reached
99.4° for FP1 coating. Such a result evidences that the presence of
long alkyl chains in the structure of trisilanol-heptaisooctyl-POSS in-
creased the coating hydrophobicity, as already reported for other
systems. An example is sol-gel protective coating prepared on the
basis of cyclotetrasiloxane, the hydrophobicity of which significantly
increased after the addition of hexadecyltrimethoxysilane [22].

The free surface energy values were calculated from the contact an-
gels obtained for water, diiodomethane and formamide (Table 2). The
lowest value was found for FP1 (30.9 mJ m−2), followed by FP1-WP
and FP2 coatings, reaching values around ~35 mJ m−2. The highest
free energy value was observed for FP2-WP (40.6 mJ m−2), which was
also characterized by the lowest contact angle for water. The calculated
values σtot showed that the presence of trisilanol-heptaisooctyl-POSS in
the structure of both types of the fluoropolymer coatings led to a de-
crease of the free surface energy value of approximately ~5 mJ m−2.
Such results show that the wettability of the coatings containing POSS
A) FP1 - Si

30 µm

200 µm

C) FP1

Fig. 2. Distribution of silicon recorded by EDS in fluoropolymer coatings:
by water is lower compared to the pristine coatings prepared without
POSS.

A comparison of AFM images of coatings with and without POSS
clearly reveals the presence of POSS nanoparticles on the surface
(Fig. S4 in Supporting information). Specifically, the nanostructured fea-
tures blur the AFM images of FP1 and FP2 coatings with POSS (Fig. S4 A,
C)when compared to coatingswithout POSS (Fig. S4 B,D). This evidence
is in line with the above described differences in contact angles for
water and free surface energy values. Interestingly, AFM images of FP1
and FP2 series reveal different characteristics reflecting two types of
polyisocyanate hardeners used for their preparation. The images of
FP1 and FP1-WP coatings showed ridged surface with circular surface
lowerings of 0.3 to 1 μm in diameter. This is a consequence of the appli-
cation of aliphatic HDI biuret hardener that tends to higher crosslinking
due to its branched structure. On the other hand, the topography
changes are more gradual for FP2 and FP2-WP coatings (aliphatic HDI
hardener), but also reach large differences in height. Overall, the surface
roughness of 194 nmmeasured for FP2 coating is slightly lower than the
value of 231 nm found for FP1 coating (Table 2). The surface roughness
was considerably larger for coatings without POSS, being 621 nm for
FP2-WP and 732 nm for FP1-WP (Table 2).

3.1.2. Mechanical properties of coatings
Since POSS nanoparticles were found to increase the hydrophobicity

of the prepared fluoropolymer protective coatings, the next step of the
study was directed towards the assessment of the effect of POSS addi-
tion on the mechanical properties of the coatings. Nanoindentation
and nanoscratch experiments were exploited for this purpose. Repre-
sentative loading-unloading nanoindentation curves for the two types
of the investigated coatings are shown in Fig. 3. The most evident infor-
mation is that the addition of POSS nanoparticles reduces the resistance
to the applied load of the coatings, since lower loads are required to in-
duce the same indenter penetration for both the investigated systems. It
B) FP2 - Si

30 µm

200 µm

D) FP2

A) FP1 and B) FP2. SEM images are also depicted: C) FP1 and D) FP2.
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should be noted that the maximum achieved depth is different for the
two types of systems (FP1 and FP2 series) because of the different coat-
ing thickness (Table 1). Indeed, for a reliable comparison of themechan-
ical properties, the maximum penetration depth was set not to exceed
one tenth of the coating thickness (see experimental section). A com-
parison of the mechanical performances of the developed coatings can
be instead obtained by looking at the calculated values of reduced elas-
tic modulus, hardness and plasticity index, which are all reported in
Fig. 4.

The reduced elastic modulus of the pristine coatings (FP2-WP and
FP1-WP) is essentially the same (5.5–5.8 GPa). On the other hand, the
FP1-WP coating is characterized by a much higher hardness value (N4
times) than found for FP2-WP. Thus, the selection of Desmodur 75
polyisocyanate as crosslinker provides a beneficial effect from the
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Fig. 4. A) Reduced modulus, B) hardness and C) plasticity index for the FP1 and FP2
coatings with and without POSS addition.
viewpoint of themechanical performances. The HDI biuret-based struc-
ture of this hardener promote the tendency to crosslinking, as it may as-
sure more covalent and secondary crosslinking bonds. For the FP2 and
FP1 series of samples, the addition of POSS nanoparticles has a detri-
mental effect on both ER and H (Fig. 4A,B). Similarly, Ghermezcheshme
et al. [25] also reported a decrease of elastic modulus and hardness of
polyurethane coatings upon addition of different kinds of POSS nano-
particles. There are two possible reasons for this effect. Firstly, POSS
nanoparticles may induce an increase of the free volume of the systems
due to interactions among POSS open-cages and polymer chain
segments [26] and/or can crosslink with the -NCO groups of
polyisocyanate. Differential scanning calorimetry (DSC) analyses per-
formed on the developed materials revealed that the addition of POSS
nanoparticles lowered the glass transition temperature of the polymer
matrices for both the FP1 and FP2 formulations (Fig. S5). This result sug-
gests that the detrimental effect of the POSS nanoparticles on the me-
chanical performances of the coatings can be related to an increase of
the free volume of the polymeric matrices.

Alternatively, the analysis of the plasticity index reveals that it is
only slightly influenced by the addition of POSS nanoparticles. It is
worth noting that the value of P for the FP1 series is lower than that
for the FP2 one (Fig. 4C), indicating that the FP1-WP and FP1 coatings
are characterized by a higher elastic connotation, which is expected to
improve the ability of spontaneously recovering after the deformations,
eventually conferring a better wear resistance to the coating. Actually, a
similar conclusion can be also drawn by looking at theH/ER ratio, which
can be indicative of thewear resistance of coatings [27]. In particular, for
high H/ER values, a good wear resistance is expected. The FP2-WP and
FP2 coatings are characterized by lower H/ER values (~7·10−3) than
FP1-WP and FP1 ones (~3·10−2). In addition, the H/ER values for the
FP1 series of samples is also slightly higher than those reported by
Koumoulos et al. [28] for Teflon-based coatings, suggesting that the de-
veloped coatings are promising protective systems in terms of wear re-
sistance. These considerations have been supported and verified
through nanoscratch experiments, whose typical output is shown in
Fig. 5, in which the representative optical micrographs of the scratch
paths and the initial part of the nanoscratch profile curves are reported.

Evidently, the FP2-WP and FP2 coatings are irreversibly damaged
even for the very low applied loads. A remarkable pile-up deformation
mechanism is observed, the effect being more pronounced for the
FP2-WP system (Fig. 5B). This evidence is also confirmed by the profile
of the scratch curve, inwhich the deeper indentations can be noticed for
the FP2-WPcoating (Fig. 5D), indicating that POSS addition partially im-
prove the abrasion resistance of the FP2 series. On the contrary, the FP1
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set of samples is characterized by a remarkably higher wear resistance,
as testified by the modest plastic deformation caused during the
nanoscratch experiments (Fig. 5A). In this case, the addition of POSS
nanoparticles does not have a significant effect. From the nanoscratch
curves in Fig. 5C it can be only noticed that the penetration depth is
slightly higher for the FP1 system, likely because of the lower hardness
with respect to the FP1-WP coating. Nonetheless, the critical load, LC,
that is the load value at which the primary optically observable fracture
phenomenon occurs [29], is similar for the two FP1 samples and it is
equal to ~14 mN. This is much higher than that found for the FP2 set
of samples (LC b 1.5 mN). The different thickness of the two sets of sam-
ples prevents from a direct quantitative comparison of the adhesion
strength at the coating/substrate interface. Nonetheless, the huge differ-
ence in the LC values is in linewith the expectation based on the Tresca's
yield criterion and Tabor's relation, according to which the load neces-
sary to initiate a plastic deformation is proportional to the H3/E2 ratio
that thus indicate the quality of the adhesion between the coating and
the substrate [28,30]. The values of H3/E2 computed from the data of
the nanoindentation tests reported in Fig. 4 are ~10−5 and ~10−6 GPa
for the FP1 and FP2 series of samples, respectively. This difference of
about one order of magnitude is in good agreement with the LC values
obtained by the nanoscratch experiments.

3.1.3. Optical properties of the coatings
The transparency of any protective coatingswith time of exposure to

sun is of large concern for works-of-art. Consequently, in order to deter-
mine the optical properties (i.e. transmittance and haze), the
fluoropolymer coatings were deposited on glass slides. The transmit-
tance of all initial coatings approaches 90%, with a steep decrease
below 400 nm (Fig. 6A,B). The investigated coatings were then exposed
to artificial sunlight. Atwavelengths above 800 nm the exposure for 135
and 670 h did not induce any change in transparency. Some changes
were, instead, noted in the range 400–800 nm, beingmuch less evident
for FP2 series than for FP1 one. Anyhow, the interesting point is that for
both series of samples, the larger decrease in transmittance was noted
for coatings with POSS than for coatings without POSS.

Consequently the haze, i.e., the parameter that mainly refers to the
quality of the coatings, especially if coatings contain nanoparticles,
was determined. Haze was lower for the coatings without trisilanol-
heptaisooctyl-POSS than for the coatings with POSS and it was below
or equal to 0.5 for most of the developed coatings (FP2, FP2-WP, FP1-
WP) (Fig. 6C,D). For these coatings, exposure in a Suntest chamber led
to slight increase in haze values, up to 1.9. In contrast, the initial haze
value of FP2 coating was 6.4, which further increased to 7.0 after
670 h of exposure. This large value of haze confirmed the change in
transmittance during the exposure in the wavelength range of
400–800 nm (Fig. 6A).

3.2. Protective efficiency of the coatings

3.2.1. Accelerated corrosion test
In order to assess the protective efficiency of the developed coatings,

the accelerated corrosion testswere carried out. In particular, the coated
bronze substrates were exposed to 1 M HCl acidic water vapours to ac-
celerate the corrosion processes and to rapidly get information about
their protective efficiency. To evaluate the ability of the coatings to in-
hibit the degradation of the underlying alloy substrate, the coated
disks were characterized before and after the accelerated corrosion
tests by optical microscopy (Fig. 7).

After 12 h of the accelerated corrosion treatment, FP1 coatings with
andwithout POSS are still stable, transparent and there is no evidence of
the formation of corrosion products at the metal|coating interface. As
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clearly shown by optical micrographs in Fig. 7C,D, the alloy substrates
remain unchanged after the corrosion treatment, thus demonstrating
the efficiency of these coatings in inhibiting the corrosion processes.
On the contrary, in the case of both FP2 formulations, the exposure to
aggressive vapours led to the loss of the coatings' transparency and to
a modification of the bronze substrate appearance.

SEM analysis confirmed the difference between the FP1 and FP2 se-
ries of coatings after the accelerated corrosion treatments (Fig. 8). Spe-
cifically, SEM images of coatings after treatment showed large
aggregates within FP2 and FP2-WP coatings, whereas no aggregates
were detected in the FP1 and FP1-WP analogues. While no significant
beneficial effect of POSS additionwas observed for FP1 vs. FP1-WP coat-
ings, the presence of POSS had some beneficial effects on its protective
properties in the FP2 coating. Namely, themodification of the alloy sub-
strate after 12 h of corrosion test was more pronounced for FP2-WP
A1) FP1

A2) FP1

B1) FP1-WP

B2) FP1-WP

Fig. 7.Optical images of the bronze discs covered by FP1 (A), FP1-WP (B), FP2 (C) and FP2-WP (
with respect to FP2. Further investigations by EDS analysis revealed
that the aggregates in FP2 consisted of different ratios of Cl, Cu, Pb, O,
F and Si suggesting the formation of the degradation products (Fig. 9).
Silicon and fluorine originated from the disintegrated coating, Cl depos-
ited from the chloride-containing acid vapours, while Cu and Pb came
from 85,555 bronze discs. Pb is the only alloying element in 85,555
that is not bounded in any phase [31,32].

3.2.2. Electrochemical characterisation of the coatings
Potentiodynamic polarisation measurements (Fig. 10) confirmed

the findings of the accelerated corrosion tests (Fig. 7). The protective ef-
ficiency of the coatings, indeed, was somewhat improved by the addi-
tion of trisilanol-heptaisooctyl-POSS. Specifically, the decrease in the
anodic current density of FP1 coatings with regard to uncovered bronze
disc was of about five orders of magnitude. In contrast, that decrease
C1) FP2

C2) FP2

D1) FP2-WP

D2) FP2-WP

D) protective coatings before (1) and after (2) the accelerated corrosion treatment for 12 h.
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was slightly smaller for FP1-WP coating without POSS. A similar situa-
tionwas noted for FP2 and FP2-WP coatings. A larger decrease in the an-
odic current density, i.e., better protection efficiency, was noted for FP2
compared to FP2-WP samples. The protection efficiency of the FP1 se-
ries was better compared to the FP2-based counterparts, which could
be partly linked to the larger thickness of FP1 and FP1-WP coatings, as
well to the larger tendency of HDI biuret-based hardener Desmodur
N75 for crosslinking (Table 1).

In order to get additional insights into the behaviour of all four kinds
of coatings, EIS measurements were carried out. In particular, the goal
was to get more information about the stability of coatings as a function
of time.

The presentation of Bode plots for the four coatings is shown in
Fig. 11 with the same scale for impedance magnitude (Y-axis). In this
representation, the corrosion protection ability is roughly proportional
to the absolute value of impedance (impedance modulus) at the lowest
frequencies. In all coatings, the magnitude of EIS spectra decreases with
immersion time (from0h to 6 days). Typically, these changes arewithin
one to two orders of magnitude. After a couple of days, the values of
low-frequency impedances stabilize in all coatings studied. There are
however quite big differences observedwhen comparing different coat-
ing types, i.e., FP1 vs. FP2 samples.

Due to significant scatter of measured impedance values as a func-
tion of frequency (see for example the 0 h and 3 h spectra in Fig. 11),
it was not possible to analyse reliably the spectra using an appropriate
model as proposed in the literature [33]. For this reason, we simply re-
port the low-frequency (0.01 Hz) modulus as a function of time
(Fig. 12). Note that themeasured modulus of each coating was normal-
ized with respect to its surface area and thickness, in order to obtain a
“specific impedance modulus” (by analogy to resistivity, i.e. “specific
electrical resistance”), which effectively eliminated the geometrical ef-
fects from the comparison.
Fig. 9. SEM image and EDS analysis of the aggregates (A,B) that form
All samples show a significant drop of moduli (“resistances”) during
the first couple of hours of immersion. After about 20 h, however, the
moduli stabilized. Consistently with the potentiodynamic polarisation
experiments, both FP1 coatings exhibit |Z| values that are significantly
higher (about two orders of magnitudes) than those of FP2 coatings.
Note that, in contrast to the potentiodynamic measurements, the im-
pedance values were normalized per thickness and surface area of coat-
ings. In other words, if there is an effect of coating thickness on
electrochemistry, it is probably only marginal in the present samples.
Furthermore, the relatively rapid variation of impedance during the
first couple of hours could at least partly explain the oscillations visible
in some of the polarisation curves (Fig. 10). At least during the first day
of immersion, the samples without POSS show somewhat lower aver-
age impedance moduli which may be correlated to a lower protection
ability (Fig. 12).

3.2.3. Ex situ IR RA spectroelectrochemical measurements
Combined electrochemical and spectroscopic ex situ IR RAmeasure-

mentswere performed for FP1 and FP2 protective coatings (Fig. 13). The
whole sets of recorded IR RA spectra are depicted in Figs. 13A,B. The
bands at 2864 and 2941 belong to symmetric and antisymmetric C\\H
stretching modes, the bending of which appeared between 1470 and
1440 cm−1 [12,34]. In the spectral region 1800–1600 cm−1 the charac-
teristic bands of urethane (-NH-CO-O-) groups appeared, which formed
during crosslinking of –OH content of resin and isocyanate -NCO groups
of the hardener [12,34]. The band at 1130 cm−1 reflected the presence
of CF2 and C\\O groups from the resin. It is evident that the intensity
of the bands decreased with increase in potential, while the positions
of the bands remained the same. The intensity decrease is much more
evident for FP2 than for FP1 coatings. This can also be the consequence
of the thickness difference enabling the molecules of water and other
species from the electrolyte a quicker access to the bronze|FP2 coating
a) b)

ed in FP2 coating during the accelerated corrosion test (12 h).
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interface. The shape of IR RA spectra of FP2 coatings recorded before and
after the corrosion potential (i.e. -0.2 V in Fig. 10) somewhat differ
(Fig. 13B). This indicates that the corrosion processes started to influ-
ence the interface. Such difference cannot be noticed for FP1 coating
(Fig. 13A). These spectra only revealed a moderate decrease in the in-
tensity of bands, which can arise from the manipulation of the coated
bronze discs outside the electrochemical cell. In fact, it is muchmore in-
formative to follow the differences in ex situ spectra during the forced
polarisation (Fig. 13B) than to deal with coatings that only show the in-
tensity decrease in all bands (Fig. 13A). Specifically, the IR RA spectra
sample along the beam path on the surface of the coating (Fig. S3 B in
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Fig. 11. Bode plots of protective coatings: A)
Supporting information), which gives the average result for all processes
that occur. Since in good protective coatings the corrosion processes
proceed very slowly and only at certain sites, for example, the number
of bonds that break in the coating is often too small to be noted in the
spectra. Also eventual pitting of coatings can often reflect only in the de-
crease in the band intensity.

With the aimof getting a deeper insight into the eventual differences
in the IR RA spectra, the spectra of the initial and the most anodically
polarised (i.e. 0.8 V, 720 s) coatings are directly compared in Figs. 13C,
D. According to the differences in the intensities of the bands and the
slopes of the spectra, background correctionwas performed. In addition,
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the spectra were upscaled to C\\H modes between 3000 and
2830 cm−1. After correction and upscaling, a broad and quite intense
bandbelow1000 cm−1 becamevisible for FP2 coating (Fig. 13D). Its for-
mation was not surprising according to the differences in the shape of
the ex situ IR RA spectra of the FP2 coating recorded before and after
the corrosion potential (Fig. 13B). The left band peak that appeared at
765 cm−1 has already been present in the initial spectrum of the FP2
coating (Fig. 13B,D). The band centred at 644 cm−1, however, suggested
the formation of cuprous Cu2O oxide at the interface of bronze|FP2
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Fig. 13. Series of spectra obtained during ex situ IR RAmeasurements of coatings on bronze disc
compared for: C) FP1 and D) FP2 coating.
coating. Such feature has already beendetected in the ex situ IR RAmea-
surements of water-borne fluoropolymer coating at 656 cm−1 [12]. The
value of 644 cm−1 is close to 617 cm−1 [35], 619–627 cm−1 [36],
640 cm−1 [37] and 645 cm−1 [38] bands that were identified in the IR
RA spectra as LO modes of Cu2O. With the aim of verifying this state-
ment, ex situ IR RA spectroelectrochemical measurements were also
performed on the uncoated bronze substrate (Fig. 14). It is evident
that the exposure of bronze to increasing potential led to formation of
a band at 623 cm−1 that could be related to the formation of cuprous
oxide [12,35–38]. However, at more positive anodic potentials large in-
terference effects became visible in the spectra, which consequently did
not support further conclusions.

4. Discussion on influence of POSS on coatings

Addition of various POSS cubes has often been reported [17,39–41]
to beneficially influence either scratch, thermal, chemical or electro-
chemical properties of composite polymeric systems. Such studies are
mostly oriented in a direction of a single property, that iswhy a prospect
on behaviour of a POSS-comprising materials is not given integrally.
With the aim to verifying the influence of POSS on our developed pro-
tective coatings, we prepared coatings with and without trisilanol-
heptaisooctyl-POSS nanoparticles (Fig. 1B). On these samples, surface,
mechanical, optical and electrochemical properties, as well protective
efficiency according to the exposure to acidic vapours, were tested. Im-
portantly, the ability of this open-cube POSS to bind into the
fluoropolymer system via three silanol groups, prevented the eventual
leaching of POSS molecules from the coatings.

As already noted for other systems [39], the functionality of the or-
ganic shell of POSS can have large influence on surface properties.
Many coatings with incorporated POSS with long alkyl groups or
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Fig. 14. Series of spectra obtained during ex situ IR RA measurements of a bronze disc.
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perfluoro groups were characterized with an immediate increase in the
contact angles for water, i.e., increased hydrophobicity, and a decrease
in the free surface energy. Due to the improved barrier effect and there-
from ensuingmore difficult access of watermolecules and other species
from the electrolyte to the alloy|coating interface, the beginning of the
corrosion processes at the interface is postponed. The same finding
was noted also in the case of FP1, FP2 coatings (Table 2) comprising
POSS nanoparticles with seven isooctyl groups linked to the seven cor-
ners of each molecule.

Nanoindentation experiment showed that FP1, FP2 coatings with
POSS have a reduced resistance to the applied load (Fig. 3). As a re-
sult, these coatings had a lower reducedmodulus, hardness and plas-
ticity index compared to the pristine coatings without POSS (FP1-
WP, FP2-WP) additive (Fig. 4). The extent of the decreases was dif-
ferent for the measured parameters, and depended on the type of
the coating. Namely, the thickness considerations resulted in the ne-
cessity for the adjustment of the measurement depth (10% of the
coating thickness). In contrast, nanoscratch experiments revealed
that the addition of POSS diminished the pile-up of the matter for
FP2 coatings (Fig. 5). This effect was much less evident for FP1 coun-
terparts that exhibited about 4-times larger hardness compared to
FP2 types of coatings. The use of polyisocyanate hardener with HDI
biuret-based structure (Desmodur N75) can be responsible for the
more extensive crosslinking in FP1 and consequently, the larger
hardness. However, with the addition of POSS, abrasion resistance
was improved for FP2 coatings, while it remained equal in case of
FP1 samples. It is obvious that mechanical properties do not alter in
the same direction. While abrasion resistance can be improved
with POSS addition, reduced modulus, hardness and plasticity
index are diminished.

Accelerated corrosion test (Fig. 7-9) and electrochemical techniques
(Figs. 10-12) confirmed a better protective efficiency of the coatings
with incorporated POSS. The exposure of the coatings during the accel-
erated corrosion test showed an improvement for FP2 coating with re-
gard to FP2-WP one. Actually, for the latter coating without POSS EDS
analysis identified the presence of Cl, Cu, Pb, O, F and Si in the degrada-
tion products (Fig. 9). Potentiodynamic polarisation (Fig. 10) revealed
the improved protective efficiency with the presence of POSS. The
same is confirmed also for initial impedance measurements. However,
during 6 days of immersion, these differences ceased out. When the
low frequency modulus (normalized with respect to the surface area
and thickness) are plotted against time the largest degradation of all
coatings during the first day of immersion is confirmed, as well the bet-
ter protection of coatingswith POSSwith regard to the coatingswithout
it (Fig. 12).
The ex situ IR RA spectroelectrochemical measurements (Fig. 13)
showed that the evolution of cuprous Cu2O oxide at the interface of
bronze|FP2 coating occurred during the gradual chronocoulometric
polarisation towards the anodic potentials. The presence of cuprous
oxide is confirmed through the formation of broad band at 644 cm−1

(Fig. 13D). No such band can be noted for FP1 coating (Fig. 13C). Forma-
tion of similar band on the surface of bronze exposed to the same type of
ex situ IR RA measurements confirmed the oxidation to cuprous oxide
(Fig. 14). It should be stressed that one major criterion for the study of
FP1 and FP2 coatings was their removability with benzyl alcohol-
based stripper. Such removability was achieved through additives.
However, long term removability is the aspect that should be addressed
in future.

5. Conclusions

The present work addressed the influence of the addition of
trisilanol-heptaisooctyl-POSS nanoparticles to coatings based on
fluoroethylene/vinylether alternating copolymers. It was found that
the addition of POSS increased their hydrophobicity, and consequently,
the protective efficiency was also improved, as shown by electrochem-
ical techniques and the exposure to acid vapours. Rather surprisingly,
the mechanical properties did not follow the improved protective effi-
ciency. Actually, the reduced modulus, hardness, and plasticity index
decreased after the addition of POSS to coatings. This result can be as-
cribed to the increase of free volume of the polymer matrices upon
POSS addition, as also indicated by DSC analyses. Specificaly, DSC
showed a significant decrease of the glass transition temperature in
the presence of POSS nanoparticles. In contrast, improvements in the
abrasion resistance were noted, along with a decrease in the pile-up of
matter during the applied load in nanoscratch experiments.
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